d foxF-1 specifies planarian non-body wall muscle d nk4, gata4/5/6-2, and gata4/5/6-3 specify different muscle subsets 
INTRODUCTION
Planarian regeneration and tissue turnover involve stem cells called neoblasts and positional information, which includes signaling molecules that pattern the planarian body plan. Genes proposed to encode positional information in planarians, often called position control genes (PCGs), are expressed predominantly in muscle cells in a regionally restricted manner across body axes [1, 2] .
Planarians have multiple muscle types ( Figure 1A ) [3] . Bodywall muscle (BWM) is found subepidermally and contains circular, diagonal, and longitudinal fibers. Dorsal-ventral muscle (DVM) connects dorsal and ventral surfaces. Intestinal muscle (IM) surrounds intestine branches. Finally, pharynx muscle consists of circular and longitudinal fibers associated with the elaborate movements of this feeding organ. In many animals, muscle has been classified as skeletal and/or somatic, cardiac, or visceral-intestinal. Based on ultrastructure, muscle is classified into striated or smooth. In vertebrates, skeletal and cardiac muscle cells are striated, but IM is smooth. In Drosophila and C. elegans, most muscles, including IM, are striated [4] [5] [6] . Therefore, understanding the evolutionary relationship of different muscle types in bilaterians requires study of additional organisms. Annelids (Platynereis) have both smooth and striated muscles, which express conserved transcription factors (TFs) associated with muscle specification in other organisms [7, 8] . Planarian muscles resemble smooth muscles from vertebrates, although they express effector genes typically found in striated muscles (e.g., troponin) [3] .
Planarians provide an attractive model system to study muscle function and evolution because of their phylogenetic position within the Spiralia [9] , because of the role of muscle in planarian patterning, and because of the ease of performing functional assays to study the roles of TF genes in planarian cell-fate specification. Planarian muscle specification does not appear to be controlled by a single transcriptional regulatory program. Instead, we previously found that myoD specifies body wall (BW) longitudinal fibers and nkx1-1 specifies BW circular fibers [10] . Importantly, BW longitudinal and circular muscle subsets have distinct regulatory roles during planarian regeneration [10] , raising the question of how the multiple other planarian muscle types are specified and whether they have specific regenerative functions. We utilized single-cell RNA sequencing and RNAi to identify and study roles of TF genes in the specification of all major planarian muscle classes and to identify roles in regeneration for these cells. Our findings revealed an unexpected role for a visceral muscle-specifying TF gene, foxF-1, in specification of previously unknown planarian phagocytic cells.
RESULTS

Single-Muscle-Cell RNA Sequencing Reveals Transcriptomes for Different Muscle Types
We combined previously published Smart-Seq2 single-cell RNA sequencing (Smart-Seq2 single-cell sequencing [SCS] ) datasets of planarian muscle cells [2, 11] with an additional dataset of pre-pharyngeal muscle (Figures S1A and S1B; Table S1 ). 240 muscle cells were analyzed using Seurat [12] , and data were visualized using t-stochastic neighbor embedding (t-SNE) (STAR Methods). We identified seven muscle cell clusters (Figure 1B) , which expressed well-characterized muscle markers ( Figure S1C ) [1, 11, 13] . Differential expression analysis between clusters identified cluster-enriched markers (Table S2) . Neoblasts, planarian dividing cells, express smedwi-1 [14] . During neoblast specification into particular cell types, smedwi-1 expression is reduced concurrently with increased tissue-specific marker expression. smedwi-1 expression levels were higher in cells on the left half of the t-SNE map ( Figure S1D ), suggesting that these were muscle progenitors.
Gene expression analysis by Smart-Seq2 SCS and fluorescence in situ hybridization (FISH) showed that previously described muscle markers [3, 11, 13] were expressed in specific muscle cell clusters. For example, body wall muscle-1 (dd_5321, bwm-1; Figure S1E ) [11] was expressed in all BWM cells (by FISH) and its expression was highly enriched in clusters 1-4 but excluded from clusters 5-7 ( Figure 1C ). Furthermore, known BWM cell types were found in cluster 1 (myoD + longitudinal muscle cells) and cluster 2 (nkx1-1 + circular muscle cells), further classifying clusters 1-4 as BWM ( Figure 1D ). The previously published candidate IM marker multiplexin-1 (dd_6811, mp-1; Figure S1E) [10, 11] was expressed in clusters 5 and 6 and was excluded from BWM ( Figure 1C ). myosin heavy chain-2 (dd_432, mhc-2), which is expressed in BWM and DVM (Figure S1E ) [3] , was expressed in cluster 5, but not 6 ( Figure 1E ), suggesting that cluster 5 represents DVM. FISH for mp-1 and mhc-2 showed that all DVM co-expressed both markers; however, some cells around intestinal branches expressed only mp-1 ( Figures 1E, S1E , and S1F). Moreover, the recently described marker dd_12771(PTPRD) [13] had enriched expression in cluster 6 ( Figure 1F ), and FISH showed that dd_12771(PTPRD) + cells also expressed mp-1, but not mhc-2, indicating that cluster 6 represents IM ( Figures 1F, S1E , and S1F). Finally, pharynx muscle marker (dd_8356) expression [13, 15] was restricted to cluster 7, which was therefore considered pharynx muscle ( Figure 1C ). In summary, we identified transcriptomes for four main classes of muscle: BWM (including longitudinal and circular fibers); DVM; IM; and pharynx muscle.
To validate these findings, we performed a clustering analysis of muscle cells using a recently described Drop-Seq SCS (in short, Drop-Seq) dataset [13] , generating 13 cell clusters (Figures S2A and S2B; Data S1). Similar to the Smart-Seq SCS analysis described above, cells with high smedwi-1 expression levels were clustered together with cells with low or no smedwi-1 expression but higher expression levels of differentiated markers, suggesting these cells represent transient stages of muscle differentiation ( Figure S2C ). Based on the expression of smedwi-1 and the muscle markers described above, all clusters from the DropSeq data, except cluster 10 (which contains a heterogeneous progenitor mixture), could be assigned to one of the four main muscle classes (Figures S2D-S2K ; Data S1). Therefore, two independent SCS strategies identified similar muscle cell clusters. Pharynx muscle in the Drop-Seq data clustered into several subclusters ( Figure S2L ). Genes with enriched expression in cluster 7 of the Smart-Seq SCS data (Table S2 ) or in clusters 3-5, 8, 9 , and 11 of the Drop-Seq data (Data S1) included several genes encoding broadly conserved TFs, many belonging to the basic-helix-loophelix (bHLH) TF family, and TF cofactors ( Figures S2M-S2V) .
The transcriptomes for all major muscle cell classes allow assessment of roles for regeneration-regulatory genes in any muscle cell type of interest. PCGs are expressed in a constitutive and regional manner and are associated with planarian patterning pathways. Many PCGs are prominently expressed in BWM [1, 2] . Utilizing DVM and IM markers from the SCS analyses, we found that multiple PCGs, including ndl-2 ( Figure 1G ), ndl-3, several wnt genes, and slit, among others, were also expressed in DVM, IM, or in both muscle types ( Figure S3 ). Interestingly, PCGs with AP-restricted BWM-expression domains displayed similar anterior-posterior (AP)-restricted expression domains within DVM and IM ( Figure S3C ). These findings suggest that positional information is provided by different muscle subsets and that expression of these signaling molecules throughout the DV axis might be associated with patterning. Table S2 ; Data S1). To understand the specification and regeneration roles of planarian DVM and IM, we focused our study on these TF genes. nk4 encodes a homeodomain TF that clusters in phylogenetic analyses with the NK4-Tinman class of NK homeobox genes ( Figure S4A ). Support for this homology assignment is modest; however, no other identified S. mediterranea gene had better support to represent the planarian ortholog of this widely conserved NK-family TF class ( Figure S4A ). nk4/Tinman genes have prominent roles in cardiac development in both Drosophila and vertebrates [16] [17] [18] . nk4 was expressed in planarian DVM (Figures 2A, S4D , and S4E). gata4/5/6-2 and gata4/5/6-3 encode homologs of the conserved zinc finger DNA-binding family of TFs ( Figure S4B ) [19] . GATA4/5/6 family members have prominent roles in cardiac development [20] [21] [22] , and planarian gata4/5/ 6-2 was also expressed in DVM (Figures 2A, S4D , and S4E). gata4/5/6-3 was previously identified as gata1/2/3b [19] ; however, phylogenetic analysis suggested that this gene is better classified to the GATA4/5/6 family [23] ( Figure S4B ). gata4/5/ 6-3 was expressed in planarian IM (Figures 2A, S4D , and S4E). Finally, planarian foxF-1 encodes a homolog of Drosophila Biniou and vertebrate FoxF ( Figure S4C ), a forkhead homeodomain family with broad myogenesis roles. foxF-1 was expressed in DVM (cluster 5), IM (cluster 6), and part of the pharynx muscle (cluster 7), but its expression was excluded from BWM (clusters 1-4; Figures 2A, S4D , and S4E).
FISH experiments were consistent with the sequencing data and further revealed that the DVM has two domains of muscle cells. Specifically, nk4 was highly expressed laterally, around the animal periphery, whereas gata4/5/6-2 was expressed more internally around intestinal branches ( Figure 2B Figure 2D ) [24] . SCS data showed co-expression of foxF-1 with nk4 and gata4/5/6-2 in DVM cells and with gata4/5/6-3 in IM cells ( Figure S4H ). nk4 and gata4/5/6-2 were also co-expressed in some DVM cells (Figure S4H) . However, none of these genes were substantially expressed in myoD + BWM cells ( Figure S4H Figure 2E ) [13] . Moreover, in the Smart-Seq SCS data, foxF-1 was co-expressed with nk4, gata4/5/6-2, or gata4/5/6-3 genes in smedwi-1 + cells ( Figure S4I ), consistent with a possible role in specifying different muscle cell subsets.
To determine whether nk4, gata4/5/6-2, gata4/5/6-3, and foxF-1 were important for muscle cell specification, we inhibited their expression using RNAi ( Figure S5 ). Inhibition of nk4 and gata4/5/6-3 did not result in gross morphological defects during tissue turnover ( Figure 3A ). However, gata4/5/6-2 RNAi caused animals to expel their pharynges, which subsequently regrew ( Figures 3A and 3B gata4/5/6-2 and gata4/5/6-3 Are Essential for Gut Morphogenesis We used RNA sequencing to assess changes in gene expression following muscle-TF RNAi (Data S2). Some muscle genes showed significantly reduced expression in gata4/5/6-2 RNAi animals ( Figure S5F ), and unexpectedly, several genes with intestine-enriched expression were also significantly downregulated ( Figure S5K ). Gene expression changes could reflect direct or indirect regulation by the Gata4/5/6-2 TF. During development of many vertebrates and Drosophila, visceral mesoderm (which generates intestinal muscle) and endoderm (which generates intestine) are involved in reciprocal interactions important for gut formation [25] . Therefore, given these RNA sequencing data, we examined whether reduction of DVM or IM cells affected the intestine. RNAi of nk4 (lateral DVM) did not impact gut morphology ( Figures S5H and 3F ). However, inhibition of gata4/5/6-2 (medial DVM) or gata4/5/ 6-3 (IM) resulted in intestine-structure defects, with intestinebranch fusion frequently observed ( Figure 3F ). Furthermore, the outer intestinal cell marker, oinc (dd_115), expression was significantly reduced (false discovery rate adjusted See also Figure S4 , Table S2 , and Data S1. Figure S5K ), and fewer oinc + cells were observed by FISH in gata4/5/6-2 RNAi animals ( Figure 3F ). gata4/5/6-2 was not expressed in intestinal cells, and FISH experiments showed no co-expression of this TF and oinc (Figure S5L) . gata4/5/6-3 RNAi animals also showed defects in intestinal branching, with secondary and tertiary branches severely reduced ( Figure 3F ). These data indicate that medial DVM has a role in formation and/or maintenance of outer intestine cells and that both medial DVM and IM cells are required to preserve normal intestinal branching morphology.
DVM Cells Are Required for Normal Medial-Lateral Regeneration
The ability to ablate different muscle fibers presented the opportunity to assess their roles in planarian regeneration. nk4 (lateral DVM) or gata4/5/6-2 (medial DVM) inhibition did not affect wound closure but resulted in patterning defects affecting the medial-lateral (ML) axis during head and tail regeneration ( Figure 4A ) [19] . During regeneration, an unpigmented outgrowth (blastema) in which new tissues form is generated. nk4 and gata4/5/6-2 RNAi head blastemas were cyclopic and had perturbed expression domains of midline genes ( Figures 4B, S6A , and S6B). This ML-patterning phenotype was similar to that of regenerating animals lacking the anterior pole, a group of notum-expressing cells that function as an organizer of the anterior and midline blastema regions [26, 27] . However, anterior-pole cells were still present in these RNAi animals ( Figure 4B ). Consistent with the phenotypes observed during tissue turnover, regenerating nk4 RNAi animals had reduced lateral but roughly normal medial DVM; regenerating gata4/5/6-2 RNAi animals had reduced medial but unaffected lateral DVM; and regenerating gata4/5/ 6-3 RNAi animals had reduced IM but no change in DVM cells ( Figure S6C ). Unexpectedly, some gata4/5/6-3 regenerating trunk fragments displayed ectopic mouths and pharynges ( Figure 4C ). Moreover, gata4/5/6-2 and gata4/5/6-3 RNAi animals also showed gut defects similar to their homeostatic RNAi phenotypes ( Figure 4D ).
The ML-patterning defect observed in nk4 and gata4/5/6-2 RNAi animals was also reminiscent of the slit RNAi phenotype [28] . slit is a conserved midline-regulatory gene [1, 28] . Because gata4/5/6-2 RNAi animals had reduced numbers of medial DVM cells, which are the most abundant muscle cells around the gut branches, the expression of multiple PCGs, including slit, was severely reduced in the DVM (BWM PCG expression was normal) in regenerating fragments ( Figure 4E ). These results indicate that DVM and IM contribute patterning information that influences body-plan regeneration.
foxF-1 Is Required for DVM, IM, and Pharynx Muscle Fibers foxF-1 was unique among the identified muscle-associated TFs. First, foxF-1 was expressed in multiple muscle cell types, including lateral DVM, medial DVM, IM, and pharynx muscle cells, but not in BWM (Figure 2A) . Second, foxF-1 was also expressed in a broad, non-muscle, subepidermal cell layer ( Figures 2D, 5A , and S7A). These non-muscle foxF-1-expressing cells were recently identified [13, 15] Figure 5F ) but no detectable changes in BWM fibers ( Figure S7D ). Pharynx muscle regeneration was also impaired ( Figure S7E ). Consistent with these findings, expression of DVM, IM, and pharynx muscle markers (mhc-2, mp-1 [FDR = 1.86EÀ28], dd_12771(PTPRD), and dd_8356 [FDR = 2.55EÀ21]) was severely reduced in foxF-1 RNAi animals, whereas BWM genes myoD and nkx1-1 were unaffected (Figures 5G-5I and S7E; Data S2).
Reduced presence of cells expressing DVM and IM muscle markers was also observed during regeneration of foxF-1 RNAi animals ( Figure 5K ). Some foxF-1 RNAi animals (7/29 trunk fragments) regenerated with ML defects ( Figure 5L ), similar to those observed in gata4/5/6-2 and nk4 RNAi animals, and had reduced slit (midline PCG) expression ( Figure 5M See also Figure S5 and Data S2.
and/or maintenance of medial and lateral DVM, IM, and pharynx muscle. S7G ). To further assess whether the bacterial particles were inside cells, we co-injected animals with mScarlet-expressing E. coli together with pHrodo green bioparticles. These bioparticles contain E. coli fragments conjugated to a pH-sensitive fluorophore (fluorescent at low pH). mScarlet E. coli and green fluorescence overlapped tightly in live cells (Figures 6D and  S7H) . To examine the specificity of the mCherry E. coli and cathepsin + cell co-labeling, we utilized FISH. The fraction of cathepsin + cells containing mCherry was significantly higher (p < 1EÀ6; empirical test) than for any other neighboring cell type tested ( Figures 6E and S7I) . Occasionally, mCherry E. coli was also observed associated with protonephridia ( Figure S7J ). After animal dissociation, cells associated with mCherry-or mScarlet-labeled E. coli or with bioparticles had similar complex cytoplasmic appearances, with numerous intracellular bodies observable by Nomarski microscopy ( Figures S7H-S7L) . Using an endogenous bacterial-level assay [30] , foxF-1 RNAi animals had significantly more bacteria than controls ( Figure S7M ). This could reflect intestinal and/or cathepsin + cell dysfunction. Cells labeled with the markers dd_10872, dd_582(CTSL2), and acq-1, as well as glia and pigment cells, were all associated with uptake of mCherry E. coli ( Figure 6F ). Taken together, these data suggest that many different cathepsin + cell types are able to perform phagocytosis and they all required foxF-1 for their specification.
DISCUSSION
Muscle is a fundamental tissue existing widely in animals. Mesoderm-derived muscle emerged with the Bilateria >550 million years ago. Planarian muscle is an attractive target for molecular study because planarians are placed within the Spiralia [9] and because of the positional information role of planarian muscle. Single-cell RNA sequencing allowed us to identify different muscle subsets, to examine their molecular signatures, and to identify the genes that are required for specifying them. Planarian muscle is not specified by a single transcriptional program (Figure 7A) . Instead, we previously described that myoD specified longitudinal fibers, whereas nkx1-1 specified circular fibers of the BWM [10] . Interestingly, myoD is expressed specifically in longitudinal muscle in the annelid Platynereis dumerilii [7] , raising the possibility that the ancestral role of myoD is for specification of longitudinal skeletal-muscle-like cells. Here, we identified transcriptomes for planarian non-BWM, including DVM, IM, and pharynx muscle. We found two distinct DVM subsets, lateral and medial, that differ in their location and in the TFs involved in their specification. Both DVM subsets were required for normal ML patterning during regeneration, whereas medial DVM and IM affect intestinal branching and morphology. Like BWM, all non-BWM subsets also expressed PCGs. Distributing PCG expression across different muscle types might be a mechanism by which signaling molecules expressed predominantly in muscle can regulate neoblast biology, and/or other differentiated tissues, throughout the DV/ML axes.
Whereas lateral-DVM specification depends on foxF-1 and nk4, medial DVM requires both foxF-1 and gata4/5/6-2. In addition, IM required both foxF-1 and gata4/5/6-3. Homologs of foxF, nk4, and gata4/5/6 are involved in the specification of different muscle types (visceral/intestinal and cardiac) in many organisms. Homologs of the nk4/tinman and gata4/5/6 genes have roles in the specification and differentiation of cardiac muscle in Drosophila, the ascidian Ciona intestinalis, and several vertebrates [32, 33] . Certain gata4/5/6 family proteins also have roles in endoderm biology [34] , and indeed, gata4/5/6-1 in planarians is involved in intestine differentiation [19, 35, 36] . Interestingly, only one GATA gene has been detected in the cnidarian Nematostella vectensis, and this is expressed around the gastrovascular cavity [37] . This suggests that, in the ancestor of the Bilateria (in which mesoderm arose), duplication and divergence of an ancestral gata gene led to some family members with roles in muscle formation and others with roles in endoderm development. The requirements of some gata4/5/6 family genes in IM and DVM in planarians and another gata4/5/6 gene in planarian intestine support this model.
FoxF genes are widely conserved and essential for the specification and differentiation of visceral mesoderm into intestinal muscle in Drosophila, mouse, and Xenopus [38-40]. Moreover, FoxF and gata4/5/6 are also expressed in annelid intestinal muscle [7] , suggesting broad utilization of FoxF genes in visceral muscle. Interestingly, even though vertebrates and Drosophila utilize similar TFs to specify visceral muscle, the ultrastructure of IM in these two animal groups is different (smooth in vertebrates and striated in Drosophila), suggesting that a molecular profile of core regulatory genes might be sufficient to determine cell type homology [41] . Recent ancestral state reconstruction from ultrastructural data suggests that cardiac and visceral muscle might both be derived from ancestral smooth muscle [7] . Even though each subset of planarian muscle fibers studied here utilized distinct TFs, all non-BWM required foxF-1 (Figure 7A) . RNA sequencing and FISH experiments demonstrated diminished DVM subsets, IM cells, and pharynx muscle in foxF-1 RNAi animals. These results suggest that a unique gene regulatory network specifies each muscle type in planarians, with foxF-1 being a common component for all of the major non-BWM types. The existence of a similar function of FoxF in specifying intestinal muscle in Drosophila, vertebrates, and in planarians supports a model that FoxF had an ancient role in specification of visceral-like mesoderm and that this molecular program has been conserved throughout bilaterian evolution. In addition to the role of FoxF in muscle, we found that foxF-1 was essential for the specification and/or maintenance of a variety of non-muscle cell types, including pigment [24] and glia cells ( Figure 7B ). These different cell types highly express cathepsin genes [13, 15] In conclusion, we described here the molecular signature of all major muscle subsets in the planarian Schmidtea mediterranea, See also Figure S7 and Data S2. (A) Conserved TFs required for muscle specification in different model organisms. For skeletal and/or somatic and/or BW muscle, myoD for all skeletal muscle in vertebrates, for only a subset in Drosophila, and for longitudinal muscle in planarians are shown. myoD is also specifically expressed in Platynereis longitudinal muscle [7] . Other TFs, such as nkx1/slouch are required for the specification of other somatic and/or BWM subsets. For cardiac muscle, tinman (tin)/nk4/nkx2.5 and gata4/5/6 gene families are widely used. In many organisms (including vertebrates and C. intestinalis) [31] , a member of the foxF/C class of TF genes is also required. In planarians, foxF-1 is expressed in and specifies DVM, which also expresses nk4 and/or gata4/5/6-2. Moreover, foxF homologs (biniou in Drosophila) are essential for visceral-IM specification. In Drosophila, a nkx3/bap (bagpipe) TF is also required. In planarians, another GATA4/5/6 family member is also required for IM specification. (B) foxF homologs are involved in visceral-IM specification in a wide group of model organisms, including several vertebrates, flies, and planarians, and are also required for the specification of phagocytes in C. elegans and planarians, suggesting a broader role in specifying mesoderm derivatives.
which is a member of the spiralian superphylum, and studied their impact during regeneration. myoD and nkx1 TF genes have restricted roles in different BWM subsets [10] , and gata4/ 5/6, nk4, and foxF-1 TF genes have important roles for non-BWM muscle. Prominently, in this gene set, foxF-1 is associated with all non-BWM muscle classes. Like BWM, our results indicate roles for non-BWM planarian muscle types beyond contractility, as a regulatory source of patterning information in regeneration. The broad role of foxF-1 in visceral muscle supports a view that this TF has an ancient and conserved role in specification of this class of muscle. Our findings also raise the possibility that FoxF might have a broad but presently largely unrecognized role in specifying glia, pigment cells, and/or other phagocytic cells in animals.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Gene nomenclature
Genes that encode proteins with a clear domain structure have been assigned a name accordingly. For example, dd_6811 encodes a Multiplexin protein, and therefore has been named multiplexin-1 or mp-1. Similarly, dd_2500 encodes a Collagen 4 protein, and is therefore named col4-5. dd_1434 encodes a Myosin heavy chain and is named mhc-3. Genes that encode proteins with no clear domain structure, or clear homology to a vertebrate protein were identified using a transcriptome contig id number. Sequences with a clear human best blast hit were labeled with a transcriptome contig id and with the name of the human best blast hit in parentheses.
Muscle single cell isolation Animals were dissected and the prepharyngeal region was isolated ( Figure S1A ). Muscle cells were isolated from the dorsal, ventral and lateral regions of this prepharyngeal region. Fragments were dissociated into single cells in a solution of CMFB and 1 mg/ml of collagenase [2] . Single cell suspensions for each region were labeled with Hoechst, and non-dividing single cells were sorted by flow cytometry into 96 well plates containing 5 mL of total cell lysis buffer (QIAGEN, Germany) with 1% b-mercaptoethanol. Subsequently, amplified cDNA libraries were prepared from each single cell using the SmartSeq2 method [11, 59] and tested by qRT-PCR for the expression of the muscle markers collagen and troponin (colF-2 Fw: GGTGTACTTGGAGACGTTGGTTTA, colF-2 Rv: GGTCTACCTTCTCTTCCTGGAAC; troponin Fw: ACAGGGCCTTGCAACTATTTT CATC, troponin Rv: GAAGCTCGACGTCGACAGGA). Cells expressing either or both of these muscle-specific genes ($5 in 96 cells) were used for library preparation using the Nextera XT method (Illumina, Inc) [11] . Libraries were sequenced using Illumina HiSeq.
Smart-Seq sequencing analysis SCS data from three sources were merged with SCS data of planarian neoblasts [11] . The merged SCS expression data were analyzed with the Seurat v1.4 [12] . Cells expressing less than 1,000 or over 10,000 transcripts were removed from further analysis. Cells that were identified as belonging to the epidermal lineage based on expression (> 5 log 2 CPM) of prog-1 or prog-2 (dd_920 and dd_899, respectively) were removed from further analysis, and reads mapped to contigs dd_Smed_v4_10881_0_1 and dd_Smed_v4_5614_0_1 were excluded, as they represented misalignments of primer amplification sequences [11] . Seurat object was initiated using the setup function [min.cells = 3, min.genes = 1000, max.genes = 10000, is.expr = 0.1]. Genes were selected for initial PCA using params [y.cutoff = 2, x.low.cutoff = 6, fxn.y = logVarDivMean] and were supplemented by genes known to be enriched in muscle, neoblasts, and epidermis [2, 10, 11] : dd_1021, dd_10216, dd_10673, dd_11500, dd_11840, dd_12035, dd_12634, dd_13343, dd_13518, dd_14391, dd_14783, dd_16209, dd_1694, dd_17951, dd_19327, dd_1985, dd_21801, dd_2373, dd_2592, dd_26182, dd_306, dd_3098, dd_31435, dd_323, dd_3244, dd_332, dd_364, dd_402, dd_4075, dd_432, dd_436, dd_4877, dd_5014, dd_54, dd_579, dd_659, dd_6746, dd_6811, dd_69, dd_6910, dd_6999, dd_702, dd_7038, dd_7326, dd_7371, dd_7837, dd_8833, dd_899, dd_920, dd_9259, dd_9910. t-SNE was performed with parameters [dims.use = c(1:13), perplexity = 14, do.fast = T], and differentially expressed genes were called using the bimodal test implemented in Seurat [12] .
Drop-Seq clustering analysis
Cells assigned a muscle identity from [13] were re-clustered from the existing muscle Seurat object [13] using Seurat package, v2.2 [55]. Briefly, the Seurat function FindVariableGenes [y.cutoff = 1, x.low.cutoff = 0.2, x.high.cutoff = 5, mean.function = expMean, dispersion.functin = LogVMR] was used to identify genes with high variance and high expression. These genes were used as input for principal component analysis using the function RunPCA [pcs.compute = 10]. Clustering was performed using the function FindClusters [reduction.type = ''pca,'' dims.use = c(1:10), resolution = 1] and cells were plotted in 2 dimensions by t-SNE. 13 clusters were generated and a cell identity was assigned based on expression of highly enriched transcripts (Data S1). Specifically, clusters 0 and 7 were defined and renamed as DVM; clusters 1, 2, and 6 were defined and renamed as BWM; clusters 3, 4, 5, 8, 9, and 11 were defined and renamed as pharynx muscle; cluster 12 was defined and renamed as IM; and cluster 10 contained a heterogeneous mix of cells isolated from both inside and outside the pharynx and was labeled nd (not determined). Cluster assignment were highly consistent with the original clustering from [13] , as demonstrated in the table below, though re-clustering yielded better separation between smedwi-1 + BWM and DVM progenitors. The apparent discrepancy between the expression of the differentiated marker mp-1 in the pharynx muscle cluster between the Smart-Seq SCS analysis ( Figure 1C ) and the Drop-Seq analysis ( Figure S2E ) is explained by the fact that the former analysis did not include pharyngeal cells and most of the cells in cluster 7 represented pharynx muscle progenitors (higher levels of smedwi-1 expression, Figure S1D ), whereas the Drop-Seq dataset did contain pharyngeal cells at several differentiation stages and therefore expressed mp-1. Drop-Seq expression data in all t-SNE plots is shown as log-normalized unique molecular identifiers (UMIs), where cell UMIs in the expression matrix were divided by the total number of UMIs per cell and multiplied by 10,000 before transforming to a log-scale: ln(UMIs -per-10,000 + 1).
Gene cloning
Two contigs dd_9259 and dd_25344 spanned fragments of nk4 gene sequence (http://planmine.mpi-cbg.de, [51] ). Both contigs were amplified and used combined for RNAi experiments. dd_9259 was amplified using the following primers: forward 5 0 ATATT AGCTTGATACCGTGTCAC; reverse 5 0 AATCTGCTGTGGGAGGTGTT, and for dd_25344 forward 5 0 AATTATCTAATGCCTCAA GTGCA and reverse 5 0 TACTTGTTGTGGAGTCATTTTCA; gata4/5/6-2 was amplified using the following primers: forward 5 0 CACC AGCAACAATCACCAGA; reverse 5 0 CGAACAATGAAGACCCCTCC; gata4/5/6-3 was amplified using forward 5 0 ACCAAATCGACAC TTAAAACCG and reverse 5 0 GTACAATTTCTCGGGTGATCGTG; foxF-1 was amplified using forward 5 0 GTCCTATTTCCAGCACA CAGC and reverse 5 0 TCCGGAATCGTGCTGAGG. All constructs were cloned from cDNA into the pGEM vector (Promega). These constructs were used to synthesized RNA probes and dsRNA for RNAi experiments.
we renamed the gene to Smed-gata4/5/6-3. This assignment is consistent with a tree generated that included for all four planarian GATA transcription factors in [ Figure 3C ). Numbers of mp-1 + and mhc-2 + cells were counted in each animal within the tail stripe region ( Figures 3D and S5G ) or in the head blastema ( Figure S6C Figure S6C ). Total number of IM cells (dd_12771(PTPRD) + ) in the animal tail stripe were counted in different RNAi animals (animals have comparable sizes, Figure 3E ). Intestinal branches fusion (no fusion, fused in one point, fused at two different points) and secondary gut branches were counted in the tail of RNAi animals ( Figures 3F, 5J , and 5K) or in the head blastema ( Figures 4D and 5K ). Total numbers of glia, aqp-1 + , dd_10872 + , and dd_582(CTSL2) + cells were counted either in tails (homeostasis) or head blastemas (regeneration) ( Figure 6B ). Cells with mCherry + signal associated to the nucleus (DAPI staining) were counted as positive for phagocytosis (Figure 6E ). One-way ANOVA test followed by Dunnett's multiple comparison test was used when analyzing more than two conditions. Unpaired Student's t test was used when comparing two conditions. Mean ± SD is shown in all graphs. Empirical p value for enrichment of mCherry + in cathepsin + cells was calculated by randomly sampling cells (n = 37, the number of detected positive cells)
and marking them as positive in a mock population of cells representing all counted cell types (i.e., cathepsin + , muscle, epidermal progenitors, and neoblasts) according to the total cell number counted of each type. Then, the number of cathepsin + cells that were randomly assigned as mCherry + was documented. The process was repeated 1,000,000 times, and finally the results of the random sampling (i.e., expected results) were compared with the observed results.
DATA AND SOFTWARE AVAILABILITY
Sequence of gata4/5/6-2 has been previously deposited in GenBank: KX827244. Sequences of nk4, gata4/5/6-3, and foxF-1 have been deposited in GenBank: MH392337-39. Single cell sequencing data and mRNA-Seq data have been deposited in GenBank: PRJNA471168. Datasets used in this study are deposited with the accession numbers: PRJNA353867 (from [11] ), GSE74360 (from [2] ), and GSE111764 (from [13] ).
